The limestone addition to sulfate resisting Portland (SR) cement is often used to adjust artificially the amount of aluminate (C 3 A) in order to keep it less than 3%. However, CaCO 3 addition is well known to induce thaumasite formation (CaCO 3 ·CaSO 4 ·CaSiO 3 ·15H 2 O) in Portland cement during external sulfate attack. This compound decreases the concrete durability because of its high volume expansion. In this work we studied the addition of limestone within low amounts (≤ 6.21%) into SR Portland cement. Thus, three commercial samples (A, B and C) containing limestone addition were analyzed by XRF technique and the results were used to estimate the mineralogical composition by Bogue method. XR diffraction coupled to Rietveld algorithm was then performed to determine the real amounts of mineralogical phases. The results were as following: C 3 S contents were 49.70, 45.30 and 50.60%; C 3 A: 1.40, 1.10 and 2.5% and calcium carbonate addition 6.21, 2.10 and 2.10%, respectively. The effect of calcium carbonate on hydration kinetics at early age has been studied and discussed. Durability of studied cement samples was followed during 2 years into Na 2 SO 4 and MgSO 4 solutions (10 g/L). Thaumasite formation was observed only in cement mortars corresponding to the sample 6.21% CaCO 3 , C 3 S (49.70%) and C 3 A (1.4%) at 22 °C, this result is different from earlier works in which thaumasite precipitates at low temperature (5 °C) and high CaCO 3 contents (> 15%). This result proved the SR Portland cement must contain very low limestone addition, less than 6% and much lower if used at 5 °C or below.
Introduction
Sulfate resisting (SR) Portland cement [1] is widely used in building works to improve concrete resistance against external sulfate attack. This chemical aggression causes cracks, expansion and chemical disintegration of cement hydration products. This is due to the formation of secondary ettringite (C 3 A.3CaSO 4 .32H 2 O) and secondary gypsum (CaSO 4 .2H 2 O) [2] . In fact these compounds have a large volume expansion and cause cracking of concrete surface. So, standard rules require very low content of aluminate (C 3 A ≤ 3%) [1] . This kind of cement (SR Portland cement) is very difficult to manufacture [3] since low alumina implies the use of high kiln temperature in order to keep a sufficient liquid phase necessary to maintain the stability of the cement manufacturing process [4, 5] .
Many cement produces use the addition of limestone (carbonate calcium) during cement milling operation to low artificially the C 3 A content. In general, limestone addition in common Portland cement is used to lower the costs while maintaining the required compressive strength of cement product [6] .
High calcite addition (10-20%) was enhanced the rate of hydration of cement phases and rises the compressive strength at early ages [7] . Also, Kakali et al. [8] proved that the replacement of 10-20% of clinker by limestone caused the transformation delay of the ettringite to monosulfoaluminate since the monocarboaluminate formed instead to the monosulfoaluminate.
However by ageing ordinary Portland cement containing limestone, in presence of sulfate ions, crystals of thaumasite (CaCO 3 ·CaSO 4 ·CaSiO 3 ·15H 2 O) [9, 10] appear having formula similar to that of ettringite [11] . Precipitation occurs preferably at low temperature about 5 °C [12, 13] . Tsivilis et al. [14] studied the behaviour of Portland cement containing of 15-30% of limestone at 5 °C in 1.8% of MgSO 4 solutions, they showed that the higher limestone addition is the more the deterioration of concrete is severe, thaumasite was appeared after 4-12 months.
Issar et al. [15] studied the sulfate resistance of low C 3 A Portland cements in function of C 3 S contents, natural pozzolana (20-40%) and limestone (10-20%) addition. They showed that low C 3 S Portland cements have good resistance to external sulfate attack.
In fact, high C 3 S content was increased the calcium hydroxide (CH) in early age which favors secondary ettringite formation [16] .
It seems that studies dealing exclusively of the effect of low (< 10%) limestone addition on sulfate resisting Portland cements are not under taken.
We proposed to investigate the properties of three commercial sulfate resisting Portland cements, in which there are limestone as minor additive.
Our objective is not to follow the variation of compressive strength, but to evaluate the effect of a low calcite addition on sulfate resisting Portland cement performances.
This evaluation is divided on two steps: firstly, we investigate the effect of a small limestone additive on hydration kinetics of SR Portland cement at early age, pastes of cement samples were hydrated in various times intervals (1, 2, 7 and 14 days) and studied by means infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA). The reactivity behavior of cement samples is followed by using isothermal calorimetry. In this part, hydration kinetics is highlighted from the determination of hydration degree α (t) by using two different methods: the calculation of the ultimate chemically bound water (W t ): calculation of bounded water by TG curve and measurement of the cumulative heat released during hydration.
Secondly, we study thaumasite formation into A, B and C cements after 2 years exposure to aggressive sulfate mediums (10 g/L Na 2 SO 4 and 10 g/L MgSO 4 ) at 22 °C.
Materials and Methods

Materials
Three commercial sulfate resisting Portland cements used in this study were taken from different cement industries located in Tunisia. The mineralogical compositions presented in Table 1 of these samples were determined by using Rietveld refinement method. This work is a subject of a research paper still under review [17] .Agreement parameters: R expected (R exp ), R profile (R p ), Weighted R profile (R wp ), Goodness of fit (GOF) and R Bragg (Table 2 ) of all analysis samples confirm the good quality of the fitting procedure.
The chemical and mineral compositions (see Table 1 ) of three samples were similar.
Cement Pastes and Mortars Preparation
The pastes used to study the hydration process were prepared by mixing the dry cement powder with distilled water (using water to cement ratio (w/c) equal to 0.4), using automatic mixer during two minutes separately to obtain a paste. The paste samples were allowed to hydrate in plastic bottles at 22 °C, in ambient atmosphere. The hydration of each paste was stopped after different time intervals 1, 2, 7and 14 days by submerging small pieces in ethanol and filtration under vacuum for 10 min. Every sample was dried at 50° C. The dried specimens were grind using agate mortar and sieved to 80 µm for making of FTIR and TGA studies.
To perform durability test of cement samples, mortar prisms (40 mm × 40 mm × 160 mm) were prepared by mixing of 450 g cement, 1350 g normalized sand and 225 g distilled water with w/c equal to 0.5 [18] . Prisms were totally immersed at 22 °C in three different mediums: tap water, 10 g/L Na 2 SO 4 and 10 g/L MgSO 4 . All different solutions were refitted every month [19] . Stopping of hydration of each mortar is performed as described in previous paragraph. The laboratory is equipped 1 3 with a storage chamber of the cement mortars and pastes especially designed to maintain a constant temperature at 22° C and humidity equal to 98%.
The sulfate solutions were prepared at laboratory scale from Na 2 SO 4 and MgSO 4 .7 H 2 O salts. In addition, the tap water is changed from season to season and the average of chemical composition of this water was donated in following Table 3 . The tap water medium is not considered an aggressive environment as indicated in the classification of severity of sulfate environments (less than 150 mg/L) [20] . So the sulfate concentration in tap water is remained negligible towards the other aggressive sulfate environments (10 g/L Na 2 SO 4 and 10 g/L MgSO 4 ).
X-Ray Diffraction Analysis
The mortars were analyzed by means of Philips PANalytical X'Pert PRO X-ray diffractometer with a CuKα radiation at a scan speed of 0.06° 2θ/min. Acceleration power applied was 40 kV, with a current of 40 mA.
The identification of crystalline phases of all samples was obtained by comparing the XRD diffraction patterns to those of individual phases given into the database (powder diffraction file) PDF provided by the ICDD (International center for diffraction data).
This identification is performed automatically by the X'Pert High Score Plus software.
Ftir
FTIR transmission spectra were measured by Perkin Elmer 783 dispersive spectrometer in the scan range of 4000-400 cm −1 for all the samples before and after hydration at different times.
Isothermal Calorimetry
To evaluate the effect of calcite on cement hydration kinetics, an isothermal calorimeter (TAM air brand) operating at 25 °C was used to measure the hydration heat flow and cumulative heat flow of the anhydrous cement samples (A, B and C) during 8 days. All isothermal calorimetry tests were performed at w/c ratio equal to 0.4. 
Thermogravimetric Analysis
The thermal analysis of hydrated cement pastes were performed from 23 to 1030 °C, using a dry nitrogen atmosphere, with heating rate of 5 °C/min, in a Mettler tolerdo TGA/DSC 1 STAR e System model instrument. DTG curves were obtained directly from the software of the equipment.
Methods to Determine Degree Hydration (α (t)) of Cement Blended
Water Non-Evaporable or Chemically Bound Water
Different methods were proposed to calculate the hydration degree of cement pastes based on the amount of chemically bound water (= water non-evaporable). The latter was determined from the thermogravimetric analysis of hydrated cement pastes at different times t.
In this study, the suitable way to assess the hydration degree was described by Mounanga [21] . Degree of hydration "α (t)" (Eq. (1)) is a ratio of chemically bound water at time t "Wt" (Eq. (2)) to the ultimate chemically bound water "W∞". m c is the initial anhydrous cement sample mass (Eq. (3)).
where Δm145− → 1000
• C(t) and Δm 600 -→ 800 • C(t) are the mass loss recorded in the range of 145-1000 °C (g), and between 600 and 800 °C, respectively. m d: the device's drift (g), LOI C : Loss in ignition of anhydrous cement mass, ms: the initial mass of sample putted in the ceramic crucible to do ATG measurement.
The ultimate chemically bound water corresponds to the content of non-evaporable water after complete hydration. It is a theoretical value obtained from the chemical composition potential of the anhydrous cement and quantities of water necessary for the complete hydration of the different constituents. The values obtained from this calculation are W∞ = 0.22, 0.24 and 0.23 g for cement A, cement B and cement C, respectively. It is corresponded
to the water quantity consumed after the hydration of 1 g of cement [22] .
Calorimetric Results [23]
The degree of hydration measured by isothermal calorimetry (Eq. (4)) corresponds to the ratio between the amount of cumulative heat released at time t, Q(t) and that of heat released after complete hydration, Q tot (∞).
Q tot (∞) is the potential heat of hydration liberated if all components reacted as described in the following formula (Eq. (5)): where n: Principles cement phases (C 3 S, C 2 S, C 3 A and C 4 AF), Qi: Enthalpy of hydration of pure cement phases (J/g), Pi: Weight percentage of cement phases deduced by Rietveld analysis.
Results and Discussion
Early Age Hydration of Resisting Sulfate
Portland Cements
Qualitative Analysis: FTIR
Diffractograms for dry cements only has been used to quantify the mineralogical compositions. XRD analysis for cement pastes is difficult to handle because the major hydrated phases namely C-S-H are amorphous. Even primary ettringite, monosulfoaluminate and monocarboaluminate which have low crystallinity are difficult to be detected [23] . Only the diffraction patterns performed after one or 2 years could be interpreted. [24, 25] . This result is explained by the reaction between the aluminate compound C 3 A and calcium carbonate (CaCO 3 ), it is the chemical effect of the limestone addition only shown in cement A pastes.
The FTIR spectra after 7 days was done but not presented because it does not have a particularity. It does not contain any monocarboaluminate.
Other bands of interest at 1120 and 966 cm −1 , not involving CaCO 3 are corresponding to asymmetric stretching of sulfate ion SO 4 2− [26] in primary ettringite and anti-symmetric stretching vibration of Si-O [27] in hydrated calcium silicate (C-S-H) respectively.
Hydration Kinetics
Thermogravimetric Analysis
The thermogravimetric analysis was used in this study to evaluate the effect of limestone additive on cement hydration kinetics. • From 25 to 400 °C: this weight loss is due to the escape of all the water present in the porosity of the mortar (free water and capillary water) and the departure of chemically bound water to the hydrates (C-S-H + Ettringite). In addition, the decomposition of gypsum (CaSO 4 . 2H 2 O) takes place at around 140-150 °C [28] . That's why, in the determination of hydration degree procedure in the previous Sect.~II.8.1, we adopted the weight loss between 145 and 1000 °C.
• From 400 to 600 °C: the endothermic peak is related to the deshydroxylation of portlandite (Ca(OH) 2 ) according to the following reaction:
• From 600 to 800 °C: the TGA and DTG of this region is the result of carbonated phases (CaCO 3 ) decomposition [29] according to the reaction CaCO 3 → CaO + CO 2 [30] .
We note that the peak at 700 °C vary with the amount of calcite just below 650 °C as indicates Figs. 4, 5 and 6, this latter wide band at 650 °C may be related to the release of H 2 O from the structural hydroxide groups of C-S-H precipitates [29] .The evolution of Ca(OH) 2 into cement pastes is represented by the peak in the range of 400 to 600 °C. When this peak is intense, the rate of cement hydration is high.
We note that Ca(OH) 2 content increase continuously during hydration as indicated Fig. 7 . The amount of Ca(OH) 2 at early ages is always reported to the amount of alite (C 3 S) in dry cement paste [31] . In this case, cement A which contains 49.70% of C 3 S is that produces the less quantities of carbonate hydroxide. Instead of cement B which contain only 45.30% of C 3 S. It seems that the calcite content plays a role of retarder additive. The knowledge of Portlandite amount at early age hydration in cement pastes could be a first prediction of the durability of RS Portland cement against external sulfate attack (see the next paragraph).
As known from the previous research studies [32] [33] [34] [35] , the principal factors that affect the rate and severity of external sulfate attack are:
• Aluminate (C 3 A) content (C 3 A ≤ 3), • concentration of sulfate ions in the environment and the type of cation associated to sulfate ions, • portlandite content.
In an environment with high sulfate contents, the hydroxide ions of portlandite (Ca (OH) 2 =CH) are substituted by sulfate ions to form the secondary gypsum (how is different that the gypsum used as a setting regulator and added at the moment of milling clinker in Portland cement manufacturing) as described in following reaction in the case of Na 2 SO 4 (N S ) solution:
Then this formed gypsum is reacted with aluminate to produce the secondary ettringite, as described in reaction:
The name "secondary" is used to designed the ettringite generated by external sulfate attack and to distinguish it from the primary ettringite that is formed during curing of Portland cement when the mortar paste is in plastic phase.
In sulfate magnesium (M S ) solution, the attack mechanism is described in these sequential reactions:
This mode of attack shows also the formation of secondary ettringite like the attack by sulfate sodium, but it leads to decalcification of C-S-H to generate M-S-H.
From this bibliographic background it is clear that the portlandite (CH) content is plays a significant role on the sulfate attack mechanism: so to mitigate as much as possible this type of chemical aggression, it is better to use a resisting sulfate portlandite cement which produces a minimum of portlandite amount in the system and containing a lower quantity of aluminate phase. Regarding the portlandite amount generated from all cement pastes at early age (1, 2, 7 and 14 days), cement A seems that it has the most resistive character against the external sulfate attack than the other studied specimens, since it produce a minimum amount of portlandite and furthermore its content of C 3 A (1.4%) is weak. In order to determine the chemically bound water and the hydration degree of different cement pastes, the Mounanga [22] method was used in detail in this paper. The non evaporable water (W t ) was estimated from the mass loss between 145 °C and 1000 °C by Taylor [36] and Loukili [37] when studing cement pastes without carbonate. Table 4 presents the values ( Δm 145 → 1000
• C ), ( Δm 600 → 800
•C ) and the percentage of the chemical bound water (%W t ) estimated from Eq. (2).
As shown in Table 4 , cement A presents the lower content of the chemical bound water than the other cement pastes, this results is related to the CaCO 3 content (6.21%) in this cement sample since it is higher than 5%. This finding is confirmed by the research work of El-Roudi el al [25] .
The hydration degree of cement samples calculated using the Eq. 1 was presented in Fig. 8 . It can be noticed that in beginning of hydration (1 day), all cement pastes presented the same degree of hydration (29.26, 29 .88 and 28.77%). Then after 2 days, degree of hydration of B and C cement pastes were similar (40%) and higher than the one of cement A (28.41%). From 7 to 14 days, cement pastes containing the lower calcite content (1.82%) exhibited an enhancement from 50.37 to 54.81% of degree of hydration. The same manner for the cement B pastes, which increased from 42.87 to 50.32%. These results confirmed the previous works including the influence of the calcium carbonate on the hydration degree of Portland cement [38] . So it is clear that more limestone addition is the more the hydration kinetics will be delayed.
From the degree of hydration, we deduced the porosity by applying this following expression proposed by Powers and Brownyard [39] : Figure 9 provides the porosity variation as a function of hydration time for cement A, B and C pastes calculated using Eq. 6. It can be noticed that the porosity of cement A pastes which containing about 6% of calcite is higher than that of the other cement samples. Although the pastes containing a lower amount of calcium carbonate (1.82%) present the lower porosity after 7 and 14 days of hydration. This observation does not agree with previous works [6] which say that the CaCO 3 particles during hydration reduced the total pore volume, as a result the total porosity decreases. Figure 10 presents the heat evolution rate curves for cements (A, B and C). There are some differences in intensity, but all the heat flow curves present the main stages of hydration [31] as shown in Fig. 10 , the first and very intense heat flow(I) is due to the C 3 A and C 3 S, The second heat flow (II) appears slowly during the monosulfoaluminate formation and C-S-H precipitation.
Isothermal Calorimetry
The rate of hydration of cement A is clearly much lower than that cement B and cement C (see Fig. 10 ), this curve in well concordance with the low content of Ca(OH) 2 corresponding to this paste (cement A). It can be seen (Fig. 10 ) that the rate of heat generation of cement containing 6.21% CaCO 3 shifted to the right and it joined than the other curves [6] . This indicated that cement A paste was slightly delayed compared to the other cement paste's hydration kinetics. The maximum of heat release by cement A is notably lower than that of cements B and C, but the width at middle height is larger, so the surface of the three peaks which represent the heat released are not very far one to another. Figure 11 presents the total cumulative heat Q (J/g) which presented the enthalpy of each cement hydration process for cement pastes. The results show that cement C has the highest cumulative heat (187 J/g), this sample contains 1.82% of CaCO 3 . Then we found cement B (Q = 159 J/g) which contains 2.10% and finally cement A with cumulative heat equal to 152 J/g which contain of 6.21% of CaCO 3 . The three curves are constantly disposed in this order. We conclude that the increase of CaCO 3 addition decreases always the cumulative heat and then the rate of hydration [38] . Figure 12 represents the evolution of hydration degree calculated as mentioned in Sect.~7.2 II-7-2 and using the Eq. 5. We found that the curves are placed in the same order than the Fig. 11 this confirms the same conclusions. It can be noticed that the hydration degree of the cement C was rapidly increasing. However, the evolution of hydration degree of cement A and cement C slowed down. After 200 h, the degree of hydration of cement A, cement B and cement C were found to be 48.55, 45.47 and 42.24%, respectively. All the results proved that the carbonate calcium presence in cement pastes delayed the hydration process. So, the degree of hydration decreases with an increase of calcite replacement amounts.
There are correspondence between the hydration degree of cement samples determined from ATG and those estimated by using isothermal calorimetric.
Durability of SR Portland Cements
Under External Sulfate Attack (Na 2 SO 4 and MgSO 4 )
Compressive Strength
The results of mechanical compressive strength of mortars of different cements immersed during 2 years into the following solutions, 10 g/L Na 2 SO 4 , 10 g/L MgSO 4 and tap water are presented in Fig. 13 . Figure 13c show that the compressive resistance of samples immersed in tap water during 2 years increase continuously over all this period. We note that the compressive resistances have not yet reached stable values. The relative positions of curves are: C presents the better resistance then B then A. This order is the same of the calcite content, which is 1.8; 2.1 and 1% for C, B and A, respectively.
The results of compressive strength tests of all cement mortars ( Fig. 13a and b) are presented the same tendency evolution: the mechanical compressive strength increase up to 90 days then it present a drop which contain up to 2 years of immersion in sulfate solutions.
The rise of compressive strength in the first three months as shown in Fig. 13.(a) and Fig. 13.(b) can be explained by the fact to the start of gypsum and ettringite (see reactions (7), (8) , (9) , (10) et (11)) growth in the system, that fill the hollow pores in the mortar structures and make it more denser, in this phase the mortar is still unaffected. The mechanical compressive strength decrease of all mortars exposed in sulfate solutions from 210 days is automatically due to the development of expansive products "ettringite and gypsum" which caused the destruction, expansion and cracking of mortars [40] .
Moreover the measurement results of the compressive strength show the influence of the nature of the cation (Na +, Mg 2+ ) associated to the sulfate ion: the mechanical strengths of all studied mortars stored magnesium sulfate solution were lower than those immersed in sodium sulfate medium. Hence the MgSO 4 environment is more aggressive than the Na 2 SO 4 medium. This finding is confirmed by the previous works of Neville [41] and Xiong [33] who mentioned that the external magnesium sulfate attack of concretes is the fastest and the most severe and it leads to a decline in compressive strength as indicated by our results. It is related directly to the formation of hydrates magnesium silicates (M-S-H) as described in Eq. 11, this product has not a binder aspect and leads to the loss of the mechanical properties of concrete, especially the compressive strength [41] as shown in our study. The cement A based mortars developed the weakest mechanical compressive strength in the different studied environments (Tap water, 10 g/L Na 2 SO 4 and 10 g/L MgSO 4 ) compared to the other specimens, while cement C showed the highest strength as indicated in Fig. 13. 
Visual Inspection
A visual evaluation of the mortars of each specimen was made after 2 years (720 days) of immersion by removing the mortars from the solutions and photographing them.
A special note was made of any change in the color, crumbling and precipitation of all materials.
After 2 years of prismatic mortars storage in 10 g/L of sodium sulfate solution (Fig. 14) , we noticed only the appearance of microcracks at the faces of the cement A mortar. In addition there is degradation at the corners and edges in all cement mortars.
The mortars exposed to 10 g/L MgSO 4 solution showed a deposit of a white coloring layer on the mortars with degradation of the corners and edges in all the samples as shown in Fig. 14 . The appearance of the white coating is related probably to the secondary gypsum formation.
This visual examination showed that the degree of deterioration of A cement mortar is very important compared to the other specimens.
Mineralogical Identification of Deterioration Products
XRD Analysis
The X-ray diffraction analysis of the mortars exposed to external sulfate attack (10 g/L Na 2 SO 4 and 10 g/L MgSO 4 ) allowed identifying and positioning the different crystalline phases encountered in the altered materials. Figures 15 and 16 show the superposition of the XRD patterns of A, B and C mortars stored during 2 years in 10 g/L Na 2 SO 4 and 10 g/L MgSO 4 at 22 °C over the range from 4° to 27° 2θ.
The XRD patterns of all mortars revealed the presence of expansive products such as secondary gypsum (2θ = 11.589°/PDF number: 00-033-0311), secondary ettringite (2θ = 9.091°, 15.784°/PDF number: 00-041-1451) and thaumasite (2θ = 9.214°, 16.014°/PDF number; 00-046-1360) in both sulfate solutions (magnesium sulfate and sodium sulfate).
This latter is probably detected only in cement A mortars in both aggressive environments (10 g/L Na 2 SO 4 and 10 g/L MgSO 4 ). The thaumasite product is the result of two possible mechanisms:
• From the secondary ettringite (Ca 6 Al 2 [(OH) 4 15 .
• The second way to obtain the thaumasite product, an interaction between sulfates ions, carbonates and the C-S-H gel as described in followed reaction [43] : It is known that the thaumasite compound precipitation is favored in cold temperature below 15 °C [44] , but there are another studies which found this product at 20 °C [45, 46] . XRD diffractograms show that the main peaks of ettringite and thaumasite are very weak and have very close reflections peaks (see Figs. 15 and 16 ). That's why other technique is required to distinguish thaumasite compound.
The eventuality to detect the presence of thaumasite in cement A mortars is very large for the reason that the cement A containing 6.21% of calcium carbonate (see Table 1 ).
Infrared Spectroscopy
In this section the purpose of the use of infrared spectroscopy analysis is to prove the existence or the absence of thaumasite in the altered mortars.
The IR spectra of the cement A, cement B and cement C mortars prisms stored in 10 g/L Na 2 SO 4 and 10 g/L MgSO 4 for 720 days at 22 °C are presented in Fig. 17 .
As shown in Fig. 17 , the thaumasite presence was confirmed only in cement A mortars stored in sodium and magnesium solutions by the detection of bands of SiO 6 group vibration at 500, 673 and 750 cm −1 . The octahedral silicon (SiO 6 ) is very infrequent in mineral silicates which its band in IR spectrum is indicative the thaumasite compound must be present [43] .
Moreover the IR results mortars revealed the peaks at around 600 and 1120 cm −1 that indicated the SO 4 2− vibration groups in all studied mortars attributed exactly to secondary gypsum and harmful secondary ettringite [47] . All these observations, taken together with XRD results of the previous section, strongly suggest that the cement A based CSH 2 + CC + C−S−H + 12H → C 3 CSSH 15 mortars contain thaumasite, ettringite and gypsum although the cement B and C mortars have only the secondary gypsum and ettringite. This finding is related directly to the presence of an important amount of calcite (6.21%) in cement A compared to the other cement samples (see Table 1 ) which concerned an essential condition to form thaumasite.
Conclusion
The main conclusions could be derived from this investigation are summarized as follows:
• The rate of hydration of the resisting sulfate Portland cement is clearly influenced by the limestone addition amounts.
• By means FTIR analysis, the monocarboaluminate calcium compound was detected at 14th day of hydration in cement paste containing more than 5% of calcite: it is the chemical effect of limestone.
• The addition of high amount of calcite (> 5%) delayed the hydration kinetics of the RS Portland cement at short term hydration.
• Thaumasite formation was observed into mortars stored in both sulfates solutions (10 g/L Na 2 SO 4 and 10 g/L MgSO 4 ) after 2 years at 22 °C. This precipitate occurs only into the cement relatively rich with calcium carbonate (6%) with 2.1 and 1.8% there is no thaumasite formation.
• It is clear that calcium carbonate is harmful for sulfate resisting Portland cements.
